1. Introduction {#sec1-plants-08-00437}
===============

In field conditions, plants are exposed to different environmental stresses. The molecular mechanisms underlying stress tolerance have been intensely studied \[[@B1-plants-08-00437],[@B2-plants-08-00437],[@B3-plants-08-00437]\] and the molecular mechanisms of tolerance in response to individual stresses have been explored \[[@B4-plants-08-00437],[@B5-plants-08-00437],[@B6-plants-08-00437],[@B7-plants-08-00437]\]. However, studies on their combined effect are less common, despite being strongly associated and having a severe impact on growth and productivity \[[@B8-plants-08-00437],[@B9-plants-08-00437],[@B10-plants-08-00437]\]. When plants are exposed to different stress combinations, a variety of interacting signal transduction pathways are induced \[[@B11-plants-08-00437]\]. The interaction between these pathways can either be neutral, additive, synergistic or may lead to novel unpredictable responses \[[@B12-plants-08-00437],[@B13-plants-08-00437]\]. In most cases, plant responses to combined stresses deviate from responses to the individual stresses \[[@B14-plants-08-00437],[@B15-plants-08-00437]\]. Among different stress combinations that occur in field conditions, the combination of drought and pathogen stress is a relevant topic, since drought stress can positively or negatively affect pathogen infection \[[@B16-plants-08-00437]\]. In some studies, drought stress increases the susceptibility to bacterial pathogens \[[@B17-plants-08-00437]\], conversely, in other studies, drought stress has also been shown to enhance the tolerance toward bacteria pathogens \[[@B18-plants-08-00437],[@B19-plants-08-00437]\]. Host resistance and water deficit stress tolerance are controlled by complex mechanisms and share several basal plant defense strategies. The stresses induce the modulation of the enzymatic antioxidant system, involving many enzymes, such as superoxide dismutase (SOD), catalase (CAT), and peroxidases (POX) including ascorbate peroxidase (APX), providing a highly efficient system for maintaining reactive oxygen species (ROS) homeostasis in various sites of plant cell \[[@B20-plants-08-00437]\]. Furthermore, numerous regulatory and/or protective proteins involved in stresses response such as aquaporins (AQPs), dehydration responsive element binding (DREB), and dehydrin proteins (DHNs) confer outstanding ability to resist drought \[[@B21-plants-08-00437]\], while the most commonly induced proteins during plant pathogens defense mechanisms are pathogenesis-related (PR) protein and leucine-rich repeat receptor like protein kinase (LRR-RLK).

At the end of 2013 a quarantine plant pathogen was recognized in Southern Italy (Salento peninsula, located in the Apulia region), associated to a previously unknown disease on olive trees (*Olea europaea* L.) which cause a leaf scorch, a rapid decline and the death of trees (the so-called "Olive Quick Decline Syndrome", OQDS) \[[@B22-plants-08-00437]\]. These symptoms are particularly severe on plants of the *cv* Cellina di Nardò (hereafter Cellina), whereas *cv* Leccino seems weakly attacked \[[@B23-plants-08-00437],[@B24-plants-08-00437]\]. The evidence and the following research studies indicated a connection with the bacterium *Xylella fastidiosa* subsp. *pauca* 'De Donno' (*Xf*) \[[@B25-plants-08-00437]\]. The bacterium exists as an endophytic commensal and spreads from the site of infection to colonize the xylem, whereas the subsequent vessel occlusion \[[@B26-plants-08-00437]\] induces plants to drought stress conditions and symptom development, which may be worsened by abiotic stress (e.g., the leaf scorch, which characterize the symptom of OQDS before wilting of branch, reduce the performance of photosynthetic apparatus, which may be further affected by water deficit in soil \[[@B27-plants-08-00437]\]. Furthermore, the studies about the potential distribution of *Xf* in current and future climate conditions forecast the presence of the bacterium in many regions of the Mediterranean area \[[@B28-plants-08-00437],[@B29-plants-08-00437]\], one the most vulnerable area in the world to the impacts of global warming \[[@B30-plants-08-00437]\]. In this contest, the combined effect of a xylem-affecting pathogen and drought-stress highlights new challenges for plant management and protection in territories threatened by *Xf*. Thus, the knowledge of drought-related transcriptional mechanisms involved in contrasting a drought-inducer pathogen in water-deficit conditions should drive the search for resistant plants, which represent the most promising strategy to hinder the disease.

In this paper, we investigate the host's transcriptional responses to *Xf* infection and drought in two *cvs*, Cellina (*Xf*-susceptible) and Leccino (*Xf*-resistant) under individual stress (drought or pathogen stress) and combined stress in field conditions, evaluating the change in relative water content and expression of genes coding for enzymes related to ROS scavenging activity, water deficit and pathogen stress response.

2. Results {#sec2-plants-08-00437}
==========

2.1. Estimation of Water and Proline Content and Enzyme Assays {#sec2dot1-plants-08-00437}
--------------------------------------------------------------

The physiological characterization of the two *cvs* analyzed in their response to drought, pathogen, and combined stresses were performed by measurement of relative water content (RWC) ([Figure 1](#plants-08-00437-f001){ref-type="fig"}). The RWCs of control plants were not significantly different among the analyzed plants (RWC \~94% for both *cvs*). In samples subjected to drought stress, RWCs measured were lower in Leccino (with a value of about 63%) compared to Cellina (with a higher value of about 85%), indicating a better water status under absence of irrigation (*p* \< 0.0001). This result is consistent with a commonly recognized tolerance to water stress of Cellina compared to Leccino. Conversely, in plants subjected to pathogen stress, the decrease of RWC value was more drastic in Cellina compared to Leccino. This behavior could be linked to the different impacts on vascular system caused by the pathogen in *cv Xf*-susceptible (C~t~ 24--27) compared to resistant one (C~t~ 28--30). However, our findings indicate that the RWC in *Xf*-positive Leccino samples was similar to that observed in drought stress (\~65%), indicating a mild effect of the pathogen on water content. Conversely, a sharp decline was observed in Cellina samples (\~41%).

Moreover, in the drought/pathogen combined stress, the *cv* Cellina registered a further significant reduction in RWC value (reaching about 29% of RWC), while Leccino samples showed the similar performance compared to individual stresses (\~60%), confirming how the pathogen presence is not more suffered than drought by this *cv*.

Cellina and Leccino *cvs* have shown a low constitutive content of free proline ([Figure 2](#plants-08-00437-f002){ref-type="fig"}). On the contrary, the proline content in the leaves of both *cvs* was significantly higher in the stressed plants.

In particular, the Cellina samples subjected to drought stress showed significantly more proline content (3.05 µmol g FW¯¹) than Leccino (1.96 µmol g FW¯¹). Moreover, in plants subjected to pathogen stress, the proline content increased in Leccino (4.61 µmol g FW¯¹) and decreased in Cellina (1.98 µmol g FW¯¹) compared to drought stress.

In drought/pathogen combined stress the proline content in Cellina (3.06 µmol g FW¯¹) achieve the same level registered in drought stress, whereas in Leccino (6.22 µmol g FW¯¹) have been observed an additive effect of the two individual stresses.

Furthermore, the activities of antioxidant enzymes showed a significant increase in values in both *cultivars* under individual and combined stresses compared with control plants ([Table 1](#plants-08-00437-t001){ref-type="table"}). Under all stress conditions considered, the enzyme activity of APX, CAT, and SOD showed a higher level in Leccino compared to Cellina. In particular, the highest enzyme activity was measured in Leccino for APX (12.30 EU mg¯¹) and SOD (28.49 EU mg¯¹) enzymes under combined stresses, while the higher value for CAT activity (15.24 EU mg¯¹) was reported under sole pathogen stress.

2.2. Gene Expression Analysis under Individual and Combined Stresses {#sec2dot2-plants-08-00437}
--------------------------------------------------------------------

In Cellina ([Figure 3](#plants-08-00437-f003){ref-type="fig"}), genes related to ROS-scavenging systems were weakly modulated by single or combined stresses. The drought stress causes a limited effect on the expression of the four selected genes, with an increase in *CAT* and *Cu/Zn SOD* expression (respectively of \~0.65 and 0.43 log~2~ FC value). Conversely, the pathogen causes an increase in the expression level of *APX*, while other genes are just slightly overexpressed. Furthermore, the addition of drought stress seems to hide the *Xf* presence. Regarding genes related to pathogen responses, both are unaffected by drought. Conversely, higher expression was observed for both *LRR-RLK* and *PR* when the sole pathogen was present (respectively 1.26 and 0.40 log~2~ FC value). The response was quite unmodified by adding water stress. About the gene related to water stress, aquaporin (*PIP2.1*) increased the transcript level in all stress conditions. *DREB* and *DHN* strongly respond to drought (respectively 1.73 and 2.70 log~2~ FC value), whereas *Xf* causes a very much lower expression in both genes, which was unmodified by a combination of water stress.

In Leccino ([Figure 3](#plants-08-00437-f003){ref-type="fig"}), genes related to ROS-scavenging systems are affected by single or combined stresses. The drought stress causes a similar but significant effect on all selected genes. The pathogen causes significantly higher expression in *CAT* and *Cu/Zn SOD* expression (respectively of \~1.65 and 1.30 log~2~ FC value), while the addition of drought stress did not change the expression for *CAT* gene, in which the effect of pathogen seems hidden. With regard to genes related to pathogen responses, both are unaffected by drought, but we observed a predictable very high expression of *LRR-RLK* and *PR* (respectively 5.51 and 3.76 log~2~ FC value) in *Xf*-infected plants. However, the combined presence of water stress strongly reduces the expression of both genes. In relation to the gene related to water stress, *PIP2.1* showed low expression levels in all stress conditions considered, while *DREB* and *DHN* respond significantly to drought (1.73 and 1.63 log~2~ FC value), and the gene was also induced regardless of *Xf* presence or combined stresses.

The profile expression of genes was different among *cvs* ([Figure 4](#plants-08-00437-f004){ref-type="fig"}). Comparing Cellina and Leccino in gene expression level subjected to drought, we observed that genes related to ROS-scavenging systems are higher expressed in *Xf*-resistant plants compared to *Xf*-susceptible ones. As predictable, any differences were observed on genes related to pathogen response, whereas the expression of *DHN* was significantly higher in the drought-tolerant Cellina compared to Leccino.

The presence of *Xf* as a stress factor underlines a quite completely different profile of gene expression among the two *cvs*. All genes related to ROS-scavenging systems but *APX* are higher expressed in *Xf*-resistant plants compared to *Xf*-susceptible ones, while the pathogen induces significantly higher expression of both genes (*LRR-RLK* and *PR*) in Leccino compared to *Xf*-susceptible plants. Interestingly, the genes involved in drought stress (*DREB* and *DHN*), are more expressed in *Xf*-resistant but drought-susceptible plants (Leccino) than in *Xf*-susceptible but drought-tolerant ones (Cellina). Conversely, *PIP.2.1* is more expressed in Cellina *Xf*-susceptible but drought resistant plants.

The addition of drought stress to the presence of the pathogen confirm a three out of four higher expressions of genes related to ROS-scavenging systems but *CAT*, which is similarly expressed in both *cultivars*, suggesting an additive effect of both stresses on this group of genes. About genes related to pathogen responses, the drought seems to cause a synergic effect on *LRR-RLK* in Cellina, which expression level becomes comparable to that observed in Leccino. The different behavior among *cvs* of *DHN* observed in pathogen single stress was confirmed when drought stress was added.

3. Discussion {#sec3-plants-08-00437}
=============

Plants are constantly subjected to both abiotic and biotic stresses and the responses to these stresses are complex and involve numerous physiological, molecular, and cellular adaptations that cause the change in the crop yield and quality. Particularly, the combined occurrence of bacterial pathogen infection and drought may have a great influence on the plant response \[[@B31-plants-08-00437]\]. There are several common changes in plant responses to drought and pathogens stress: activation of reactive oxygen species scavenging system \[[@B32-plants-08-00437]\], proline accumulation \[[@B33-plants-08-00437]\], anthocyanin production \[[@B34-plants-08-00437]\], lignin deposition \[[@B24-plants-08-00437]\], reduction of photosynthetic activity \[[@B27-plants-08-00437],[@B35-plants-08-00437]\] and alterations in certain other metabolites \[[@B23-plants-08-00437],[@B36-plants-08-00437]\].

Goodwin et al. 1988 \[[@B37-plants-08-00437]\] showed a reduction of stomatal conductance and photosynthesis in symptomatic grapevines infected with Pierce's disease, which is also a common response of water-limited plants \[[@B38-plants-08-00437]\]. Since *Xf* causes a blockage of the xylem bringing the plant in water deficit, the transcriptional profile of infected plants should simulate that induced by drought stress. In order to validate this hypothesis, we report data relative to expression of genes strongly related to these stresses in two *O. europaea cv* affected by *Xf*, water deficit, or the combination of *Xf* infection and water deficit, representing de facto, the starting point for further investigations on this topic in the olive tree.

Maintenance of water homeostasis is necessary for various biochemical and physiological processes. RWC is considered an essential indicator of water status in plants, representing the balance between water supply and transpiration rate in leaf tissue \[[@B39-plants-08-00437]\] and is a meaningful determinant of the drought tolerance of plants. In this regard, Cellina *cultivar* maintains a better water status than that of Leccino *cultivar*, critical for its physiological functioning and survival under drought. A further decrease in RWC in plants with low tolerance against drought (Leccino) was not observed when subjected to pathogen infection or combined stress, while, in the same conditions, was observed a remarkable decrease in Cellina. In addition, mechanisms producing a synergistic effect between water deficit and infection in trees have been introduced in a study of Dutch elm disease (DED) in *Ulmus minor* \[[@B40-plants-08-00437]\]. The severity of symptoms of DED associated with water stress was increased in plants with large vessels more incline to cavitation. Vessel cavitation is considered a determinant process of the wilting of the plant in stress conditions \[[@B41-plants-08-00437]\]. Again, as reported by Sabella et al. (2018) \[[@B24-plants-08-00437]\], *Xf* resistance of olive trees *cv* Leccino could be influenced by lignin amount in the xylem vessels that limit the bacteria movement and the host invasion by slowing down the disease progression.

The different performance of the two *cultivars* to individual stress and combined stress also displays in the different gene expression. According to the literature \[[@B42-plants-08-00437]\], the accumulation of *DREB* and *DHN* in plants is associated with drought stress tolerance. In fact, the expression level of these genes in vegetative tissues was generally been found to be higher in drought-tolerant *cv* Cellina than in susceptible *cv* Leccino. Other research groups have shown that raising levels of *DREB* expression increase the expression of downstream target genes encoding late embryogenesis abundant (LEA) proteins, also known as dehydrins (DHNs) \[[@B43-plants-08-00437]\]. Moreover, both genes were overexpressed also in the presence of *Xf*, probably because the bacterium is not recognized by the plant as biotic stress, but rather as abiotic stress related to drought and dehydration allowing the fortification and water loss prevention \[[@B44-plants-08-00437],[@B45-plants-08-00437]\]. Water channel proteins are known as aquaporins (AQPs) regulate the movement of water and other small molecules across plant vacuolar and plasma membranes; they are associated with plant tolerance of biotic and abiotic stresses. Different responses of AQPs to water deficit stress were found in drought-resistant and drought-sensitive olive *cultivars* \[[@B46-plants-08-00437]\]. In our results, mRNA levels in leaves were significantly up-regulated in Cellina, but their expression was lower in Leccino. According to literature, our data indicate that unchanged or down-regulated of aquaporins by water stress may result in reduced cell water permeability and may promote cellular water conservation, demonstrate consequently higher Leccino's resistance to stresses.

One of the inevitable effects of water deficit, caused by abiotic or biotic factors or by a combination of both, is enhanced ROS production in the chloroplasts, the peroxisomes, and the mitochondria, leading to the abnormalities at the cellular level \[[@B47-plants-08-00437]\]. However, plants are able to deal with such stressful conditions through increased synthesis of metabolites, including proline, and antioxidant enzymes \[[@B47-plants-08-00437]\].

In the present study, the increase in the activities of APX, CAT, and SOD as well as of proline content in Cellina and Leccino *cvs* due to stress conditions were observed ([Figure 2](#plants-08-00437-f002){ref-type="fig"}; [Table 1](#plants-08-00437-t001){ref-type="table"}). The higher levels of APX, CAT, and SOD activities shown in Leccino *cv* compared to Cellina underline the effectiveness of Leccino's antioxidative enzyme system at protecting the cellular apparatus under individual and combined stress conditions. Furthermore, the higher proline accumulation observed in Leccino olive tree under stresses was accompanied by higher activities of SOD, APX and CAT, suggesting that proline accumulation could activate the antioxidative defense mechanism in Leccino *cv* as has been suggested by Ahmed et al. (2009) \[[@B48-plants-08-00437]\] observing intra-specific differences in the water-stressed olive *cultivars*.

Abiotic and biotic stresses lead to ROS formation and the induction of genes that codify for antioxidant enzymes.

The implication of those genes in furthering plant responses to unfavourable conditions has been well determined in many studies \[[@B49-plants-08-00437],[@B50-plants-08-00437]\]. It has been reported that the overexpression of genes encoding antioxidant enzymes origin major tolerance to stress factors in *Arabidopsis thaliana* \[[@B51-plants-08-00437]\] and rice \[[@B52-plants-08-00437],[@B53-plants-08-00437]\]. Moreover, some data indicate that retaining stable gene expression can confer drought tolerance in plants \[[@B54-plants-08-00437],[@B55-plants-08-00437]\]. In particular, recently it was evidenced in *O. europaea* that high concentrations of ROS switch on plant defense signalling pathways in fighting *X. fastidiosa* infection \[[@B56-plants-08-00437]\]. This prompted us to examine the role of oxidative stress genes in order to understand the shared mechanism between individual and combined stresses in *cultivars* considered. As reported by recent studies \[[@B27-plants-08-00437],[@B35-plants-08-00437]\] a good performance of photosynthetic apparatus under drought stress is very important also for biotic tolerance of plants, because of influence the antioxidant defense system activity. In particular, we investigated *APX*, *CAT*, *Cu/Zn SOD*, and *Mn SOD* genes, commonly belonging to the oxidative stress scavenging system. As reported in [Figure 4](#plants-08-00437-f004){ref-type="fig"} the genes in both individual and combined stresses were induced with similar expression patterns within each *cultivar*. However, a differential expression pattern was observed in the *Xf*-resistant *cultivar* Leccino, which shows a higher expression level compared to the susceptible *cultivar* Cellina. This result appears even more interesting if we consider the lower bacterial content present in Leccino compared to Cellina, suggesting that resistance to *Xf* in Leccino is closely related to the higher activity of these genes, regardless of the infection level.

According to Lamb and Dixon (1997) \[[@B57-plants-08-00437]\], our findings indicate that the susceptibility to drought stress of Leccino provokes an important accumulation of ROS which acts as a secondary messenger in signal transduction and triggers a higher defense response against the pathogen. In fact, also the defense-associated genes were up-regulated in Leccino infected by *Xf* and, as reported by Giampietruzzi et al. (2016) \[[@B58-plants-08-00437]\], in a special way for the *LRR-RLK* gene. Also, in our observation, the *PR* and *LRR-RLK* genes were not further induced by the additional stress caused by water deficit \[[@B17-plants-08-00437]\], suggesting that genes can respond to simultaneous stress in a different way and not always in an additive way, as widely reported in the literature \[[@B12-plants-08-00437],[@B32-plants-08-00437]\].

4. Materials and Methods {#sec4-plants-08-00437}
========================

4.1. Field Conditions and Plant Material {#sec4dot1-plants-08-00437}
----------------------------------------

Trials were carried out in summer on *O. europaea* L. plants, *cvs* Cellina and Leccino, in productive orchards located in Lecce (Apulia, Southern Italy). Selected plants had previously received the same agronomic practices (with differences only in water management, see following paragraphs) and insect control over 3 years, and phytosanitary treatments had been carried out by the farmers according to EU Decision 2015/789.

We used an experimental design with 24 olive trees, 12 *cvs* Cellina and 12 Leccino with an age ranging from 25--35 years. The trials were carried out on sandy soils (76.0% sand, 19.1% silt, 4.9% clay, 1.9% organic matter). The experimental design included four plant conditions: *Xf*-positive trees naturally infected and irrigated (*X. fastidiosa*, three plants/*cultivar*), *Xf*-negative trees and subjected to water deficit (Drought, three plants/*cultivar*), *Xf*-positive trees subjected to water deficit (Combined, three plants/*cultivar*), *Xf*-negative trees and irrigated (Control, 3 plants/*cultivar*).

Samples were collected in summer after four weeks of lack of rainfall. For the irrigated plants the water management has predicted schedule irrigation using the water budget approach according to Marra et al., 2016 \[[@B59-plants-08-00437]\]. In the month before to the sampling, to the well-irrigated thesis of the plants, 300 l/tree of water were dispensed.

The *Xf*-positive or *Xf*-negative plants were assessed by real-time PCR (qPCR) \[[@B60-plants-08-00437]\]. All presumed *Xf*-naturally infected or *Xf*-non infected plants were singularly tested each year in the 2016--2018 period. The plants were considered healthy when leaf samples were negative to the *Xf* assay (2016--2018 period). With regards to infected plants, the Cellina and Leccino trees were positive to *Xf* assay since the 2016 test, showing *Ct* values respectively of 24--27 and 28--30. The plants selected were monitored for symptoms caused by natural infection of *Spilocaea oleagina* and *Pseudomonas savastanoi* pv. *savastanoi* during the 12 months before sampling. According to Nicolì et al., 2019 \[[@B36-plants-08-00437]\], the presence of symptoms was scored using a severity scale (0 = symptomless, 1 = symptoms on few branches (≤ 5), 2 = symptoms on several branches (\> 5), and 3 = symptoms uniformly distributed throughout the canopy). In addition, diagnostic tests (real-time PCR) were carried out according to the literature for *Botryosphaeria dothidea* \[[@B61-plants-08-00437]\], *Colletotrichum* spp., *C. acutatum* and *C. gloeosporioide* \[[@B62-plants-08-00437]\], *Diplodia seriata* \[[@B63-plants-08-00437]\], *Phaeomoniella chlamydospore* \[[@B64-plants-08-00437]\], *Phaeoacremonium aleophilum* and *P. parasiticum* \[[@B65-plants-08-00437],[@B66-plants-08-00437]\], *Phytophthora* spp. \[[@B67-plants-08-00437]\], *Verticillium dahlia* \[[@B68-plants-08-00437]\].

In order to analyze homogeneous trees, both *Xf-*positive and negative plants were selected according to lower severity (= 1) for *Pseudomonas savastanoi* pv. *savastanoi* and *Spilocaea oleagina* and negative to every other diagnostic test but for *Xf*.

4.2. Relative Water Content Measurement {#sec4dot2-plants-08-00437}
---------------------------------------

Relative water content (RWC) was carried out following the procedure proposed by Barrs and Weatherley (1962) \[[@B69-plants-08-00437]\] on fully expanded leaves of similar age, divided into blocks of ten leaves each per treatment. Leaves were excised, weighed fresh (FW) and placed in distilled water in the dark for 24 h to rehydrate. The turgid leaf weight (TW) was measured and then leaves were dried at 80 °C for 48 h and dry weight (DW) was determined. The RWC was calculated as:

4.3. Free Proline Determination {#sec4dot3-plants-08-00437}
-------------------------------

Approximately 0.5 g of powder plant material from control and stressed plants was homogenized in 3% aqueous sulfosalicylic acid. Free proline content was determined according to Bates et al. (1973) \[[@B70-plants-08-00437]\]. Proline concentration was calculated using L-proline for the standard curve and reported as µmol g FW^−1^.

4.4. Antioxidant Enzymes Determinations {#sec4dot4-plants-08-00437}
---------------------------------------

Olive leaves (0.5 g) were ground with pestle and mortar in liquid nitrogen. Then, the powder transferred into precooled tubes and 1 mL of 50 mM potassium phosphate buffer (pH 7.0), containing 1 mM EDTA and 4% PVPP was subsequently added to tubes. The homogenate was centrifuged at 15,000 g for 20 min at 4 °C.

The supernatants were collected and used for assays of enzymatic activities. The ascorbate peroxidase (APX, EC1.11.1.11), catalase (CAT, EC 1.11.1.6) and superoxide dismutase (SOD, EC 1.15.1.1) activities were determined according to the method of Giannopolitis and Ries (1977) \[[@B71-plants-08-00437]\], Chance and Maehly, (1995) \[[@B72-plants-08-00437]\], and Nakano and Asada (1981) \[[@B73-plants-08-00437]\], respectively. The values of enzyme activities were expressed as units per mg^−1^ dry weight.

4.5. Total RNA Isolation, cDNA Synthesis, and Real-Time PCR Analysis {#sec4dot5-plants-08-00437}
--------------------------------------------------------------------

Total RNA was extracted from leaf samples using TRIzol^®^ (Promega) according to the protocol of the manufacturer. RNA samples were deal with DNase I (Promega) before that their absorbance was read at 260 and 280 nm to define RNA concentration and purity. cDNA synthesis was performed using TaqMan^®^ Reverse Transcription Reagents (Applied Biosystems, Foster City, USA) according to the manufacturer's instruction, with oligo (dT) 18 as a primer. The RT- PCR was carried out using SYBR Green fluorescent detection in a Real-Time PCR thermal cycler (ABI PRISM 7900 Sequence Detection System, Applied Biosystems, Foster City, CA, USA). The PCR program was: 2 min at 50 °C and 10 min at 95 °C, followed by 45 cycles of 95 °C for 15 s and 60 °C for 1 min. Melting curve analysis was performed after PCR to evaluate the presence of non-specific PCR products and primer dimers. Three biological and three technical replicates were analyzed. The used primers were retrieved from the literature or designed with the software Primer Express Software 3.0 on the mRNA sequences deposited in GenBank. The primers were designed on the genes related to oxidative stress such as superoxide dismutase (*Cu/Zn SOD* and *MnSOD*), catalase (*CAT*), ascorbate peroxidase (*APX*). The genes related to pathogen stress, such as leucine rich repeats-receptors like kinase (*LRR-RLK*) \[[@B58-plants-08-00437]\] and pathogenesis-related protein 1-like (*PR*). The genes related to drought responses such as aquaporin (*PIP2.1*) \[[@B44-plants-08-00437]\], dehydration responsive element binding (*DREB*) and dehydrin (*DHN*). To standardize the results the relative abundance of ubiquitin gene (*UBQ*) was used as the internal standard ([Table 2](#plants-08-00437-t002){ref-type="table"}). Relative gene expression levels were calculated with the log~2~ 2^−ΔΔCt^ method \[[@B74-plants-08-00437],[@B75-plants-08-00437]\]. The efficiency of the target amplification was evaluated for each primer pairs and the corresponding value was used to calculate the fold changes (FC) with the following formula: FC = (1 + E) ^−ΔΔCt^, where ΔΔCt = (Ct~target~ − Ct~UBQ~)~Treatment~ − (Ct~target~ − Ct~UBQ~)~Control~.

4.6. Statistical Analysis {#sec4dot6-plants-08-00437}
-------------------------

All data were reported as the mean ± SD with at least three replications for each leaf olive sample. A two-way ANOVA with the replicates of each measure was carried out on RWC data using *cultivar* and stress conditions as main factors. The data related to gene expression level for each stress (individual and combined stresses) were subjected to one-way ANOVA analysis, followed by Tukey-HSD (honestly significant difference) post hoc test (*p* \< 0.05). Also, the statistical analysis was performing using multiple t-tests (FDR = 5%) to under light the differences between *cultivars* for each gene and for each stress. Statistical analyses were performed using GraphPad software, version 6.01.

5. Conclusions {#sec5-plants-08-00437}
==============

The expertise of how abiotic environmental factors influence plant resistance to pathogens and how systems specifically elaborate the response to combined abiotic and biotic stress for disease management is important to breeding programs aimed at improving *Xf* resistance in *O. europaea cultivars* also in the forecast of future climate changes. In this work, we hypothesize that the resistance of Leccino to *Xf* could be related to its lower resistance to water stress, that could lead to the activation of alternative defense pathways which support the plant in *Xf* response, as widely discussed by Ramegowda et al., 2013 \[[@B18-plants-08-00437]\] about drought-pathogen stress interactions in plants. Due to the critical status of *Xf* epidemy in Salento, here we report urgently the first evidence about host's transcriptional responses of drought-related genes to natural infection according to water management practices commonly carried out in the area. However, the transcription of further genes, the correlation of gene expression with enzymatic activities and trials with artificially inoculated plants submitted to different levels of water deficit grown in controlled environment should drive further research to confirm this evidence and improve the understanding of the molecular basis of stress resistance.
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![Relative water content (RWC) determined on Cellina di Nardò and Leccino fully expanded leaves subjected to individual and combined stresses (drought and *Xylella fastidiosa*). Top right Two-way ANOVA results were reported. Different letters correspond to statistically different means.](plants-08-00437-g001){#plants-08-00437-f001}

![Proline content (µmol g FW^−1^) determined on Cellina di Nardò and Leccino leaves subjected to individual and combined stresses (drought and *Xylella fastidiosa*). Small letter compares the mean of five repetitions (Tukey HSD post hoc test *p* ≤ 0.05). Top right Two-way ANOVA results were reported.](plants-08-00437-g002){#plants-08-00437-f002}

###### 

Expression analysis of stress responsive gene in leaves of Cellina di Nardò and Leccino *cultivars* subjected to stresses: drought, pathogen *Xylella fastidiosa* and combination of both, expressed as log~2~ fold change (log~2~FC). **A.** genes related to oxidative stress: superoxide dismutase (*Cu/Zn SOD* and *MnSOD*), catalase (*CAT*), ascorbate peroxidase (*APX*), **B.** genes related to pathogen stress: leucine rich repeats- receptor like kinase (*LRR-RLK*) and pathogenesis-related protein 1-like (*PR*). **C.** genes related to drought responses: aquaporin (*PIP2.1*), dehydration responsive element binding (*DREB*) and dehydrin (*DHN*). Statistical analysis was carried out through one-way ANOVA with Tukey-HSD post hoc test. Different letters correspond to statistically different means.
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![Comparison of Cellina di Nardò and Leccino *cultivars* in gene expression level subjected to drought, pathogen *Xylella fastidiosa* and combination of both stresses expressed as log~2~ fold change (log~2~FC). The genes related to oxidative stress are: Superoxide dismutase (*Cu/Zn SOD* and *MnSOD*), Catalase (*CAT*), Ascorbate Peroxidase (*APX*), the genes related to pathogen stress are: Leucine Rich Repeats (*LRR-RLK*) and Pathogenesis-Related (*PR*) and the gene related to drought responses are: Dehydrin (*DHN*). The statistical analysis was carried out using multiple t-tests (FDR = 5%).](plants-08-00437-g004){#plants-08-00437-f004}
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###### 

Enzyme activities of ascorbate peroxidase (APX), catalase (CAT), and superoxide dismutase (SOD) determined on Cellina di Nardò and Leccino leaves subjected to individual and combined stresses (drought and *Xylella fastidiosa*). Data presented are the means ± SEs (*n=* 5). Within rows, means followed by different low case letters indicate a significant difference (*p* ≤ 0.05) among the *cultivars*, within columns, means followed by different capital letters indicate a significant difference (*p* ≤ 0.05) among the treatments.

                       *Enzyme activity (EU mg¯¹ protein)*                                                                                                                  
  -------------------- ------------------------------------- --------------------------- -------------------------- --------------------------- --------------------------- ---------------------------
  **Control**          3.20 ± 0.03 **b**, **D**              3.66 ± 0.12 **a**, **C**    4.82 ± 0.23 **b**, **C**   5.23 ± 0.10 **a**, C        12.94 ± 0.14 **a**, **D**   13.46 ± 0.42 **a**, **C**
  **Drought**          4.34 ± 0.17 **b**, **C**              9.23 ± 0.03 **a**, **B**    8.53 ± 0.43 **b**, **A**   10.73 ± 0.22 **a**, **B**   17.64 ± 0.57 **b**, **B**   27.02 ± 0.99 **a**, **B**
  ***X.fastidiosa***   7.22 ± 0.07 **b**, **A**              9.27 ± 0.12 **a**, **B**    6.53 ± 0.32 **b**, **B**   15.24 ± 0.39 **a**, **A**   14.08 ± 0.20 **b**, **C**   26.52 ± 0.17 **a**, **B**
  **Combined**         4.66 ± 0.10 **b**, **B**              12.30 ± 0.13 **a**, **A**   9.10 ± 0.19 **b**, **A**   11.03 ± 0.03 **a**, **B**   19.33 ± 0.24 **b**, **A**   28.49 ± 0.25 **a**, **A**

plants-08-00437-t002_Table 2

###### 

Primers used to evaluate the expression of genes involved in drought stress, stress induced by *Xylella fastidiosa* and combined stresses in *Olea europaea* L. Cellina di Nardò and Leccino.

  -----------------------------------------------------------------------------------------------------------------------------------------
  Functional Categories and Genes           Abbr.                          Primer          Sequence 5′-3′               GeneBank
  ----------------------------------------- ------------------------------ --------------- ---------------------------- -------------------
  *ROS scavenging activity genes related*                                                                               

  Ascorbate Peroxidase                      APX                            *Oe* *APXF*     CAAAAACTGCGCCCCTATAA         XM023040324.1

  *Oe* *APXR*                               ACAGCAACAACACCAGCAAG                                                        

  Catalase                                  CAT                            *Oe* *CATF*     GGATCCAGCCAGACAAGAGA         JQ429793

  *Oe* *CATR*                               TTGGCCTTACATTGAGACGA                                                        

  Manganese Superoxide Dismutase            MnSOD                          *Oe* *MnSODF*   CTCCTGTTCGTGAAGGTGGT         AF427107

  *Oe* *MnSODR*                             GTGTCCAGACCAAGCCAAAT                                                        

  Copper/Zinc Superoxide Dismutase          Cu/ZnSOD                       *OeCu/ZnSODF*   CCATGCTGGTGATCTTGGTA         AF191342

  *OeCu/ZnSODR*                             CAGTTCATGACCACCCCTTC                                                        

  *Pathogen genes related*                                                                                              

  Leucine Rich Repeats                      LRR-RLK                        *OeLRRF*        CAACACAAGGCTTTTGGGACTT       XP_006367556.1 \*

  *Oe* *LRRR*                               TGTCATTGGTGCTTGTTGGT                                                        

  Pathogenesis Protein Related              PR                             *OePRF*         AACAAGGCTCGTGCAGAAGT         XM023013713

  *OePRR*                                   TCGACCCATGATCATAGCAA                                                        

  *Water deficit genes related*                                                                                         

  Aquaporine                                PIP2.1                         *OePIP2.1F*\    TCTCGGGCCCTTGTTTTAGA\        DQ202709
                                                                           *OePIP2.1R*     AAAGAGAGGCCAGCAACCG          

  Dehydration responsive element binding    DREB                           *OeDREBF*\      ACATGTTCTCCGCTCAGCTT\        EF635424.1
                                                                           *OeDREBR*       GTGCCTCGTCTCCTTGAAAA         

  Dehydrin                                  DHN                            *Oe* *DHNF*     GGTTTGAAGGGGAAGGTTTC         KR349290.1

  *Oe* *DHNR*                               CTTCCTCAGCCTTCTTGTGG                                                        

  *Reference gene*                                                                                                      

  Polyubiquitin                             UBQ                            *OeUBQF*        GGTGGCCTCTAAATGTTCTTCTACTG   AF429430 \*

  *OeUBQR*                                  CACACAGACTTCATTAGAAAGACAATCA                                                
  -----------------------------------------------------------------------------------------------------------------------------------------

\* LRR-RLK and UBQ primers were retrieved from Giampietruzzi et al., 2016 \[[@B58-plants-08-00437]\].
